The precise and efficient delivery of mesenchymal stem cells (MSCs) to bone marrow is prerequisite for successful tissue regeneration following tissue injury. However, the efficiency of cell delivery is very low. To address this issue, we focused on a strategy to promote MSCs adhesion to injured tissue and developed cell painting methodology, wherein specific molecules are transiently anchored onto cell membrane to modulate cell behavior. In this study, cell painting was tested as a method to deliver intercellular cell adhesion molecule-1 (ICAM-1) antibody-painted MSCs to ICAM-1 expressed on activated endothelial cells.
Introduction
The precise and efficient delivery of mesenchymal stem cells (MSCs) to bone marrow is prerequisite for successful tissue regeneration following tissue injury. However, the efficiency of cell delivery is very low. To address this issue, we focused on a strategy to promote MSCs adhesion to injured tissue and developed cell painting methodology, wherein specific molecules are transiently anchored onto cell membrane to modulate cell behavior. In this study, cell painting was tested as a method to deliver intercellular cell adhesion molecule-1 (ICAM-1) antibody-painted MSCs to ICAM-1 expressed on activated endothelial cells.
Materials and Methods
Antibodies to ICAM-1 were exogenously incorporated on the surface of mouse MSCs cell line (BMC-9) via palmitated protein G (PPG)-binding using a two-step painting method 1 . Cell binding assays using antibody to ICAM-1-painted MSCs (AbICAM-1-MSCs) or isotype control-painted MSCs (Abisotype-MSCs) were performed on human umbilical cord endothelial cells (HUVECs) with and without tumor necrosis factor (TNF ) treatment. MSC numbers were quantified from fluorescent images of Vybrant -stained MSCs using ImageJ software (NIH). The cell binding strength of AbICAM-1-MSCs on HUVECs was assessed by determining MSC detachment from HUVECs using a custom-built laminar flow chamber system. A 25 mm round coverglass covered with HUVECs was placed in a flow chamber and MSCs suspension solution flowed at 0.5 dynes/cm 2 for 2 min, and then the flow was stopped to allow MSCs to attach to the HUVECs. After 10 min, the flow was reinitiated 0.5, 1, 2, and 4 dynes/cm 2 of shear stress for 1 min at each flow rate. At the end of each increment of flow, bright-field images were recorded and the remaining cells counted manually. In some flow chamber experiments using AbICAM-1-MSCs on TNF -stimulated HUVECs, the flow was increased at 10, 20, and 25 dynes/cm 2 .
Results
To test whether the binding of AbICAM-1-MSCs to HUVECs was ICAM-1 antibody specific, isotype control instead of ICAM-1 antibody was incorporated onto MSCs (Abisotype-MSCs) and assayed on TNFtreated HUVECs. As shown in Fig. 1c , Abisotype-MSCs showed a low level cell binding not significantly different from MSCs-only (relative cell attachment equal to 1.0) to HUVECs stimulated with TNF , indicating that the attachment of AbICAM-1-MSCs to HUVECs is specifically a result of ICAM-1 antibody affinity. Furthermore, the preincubation of HUVECs with ICAM-1 antibody study showed that PPG-MSCs could specifically bind to ICAM-1 antibody located on HUVECs, but bound ICAM-1 antibody competed with AbICAM-1-MSCs resulting in a 50% decrease in attachment (Fig. 1d) .
Under the laminar flow, AbICAM-1-MSCs showed marked binding affinity to ICAM-1 molecules on HUVECs (TNF +) showing that 100% of AbICAM-1-MSCs remained adherent on HUVECs even at 4 dynes/cm 2 of shear stress (Fig. 2a) . By blocking ICAM-1 molecules on HUVECs (TNF +) with free ICAM-1 antibody, the adherent AbICAM-1-MSCs decreased with the increase of shear stress and showed less than 40% relative cell attachment at 4 dynes/cm 2 . Also, the remaining cell percentage of AbICAM-1-MSCs from HUVECs (TNF -) dramatically decreased to 20% at 4 dynes/cm 2 of shear stress, indicating that HUVEC expression of ICAM-1 was needed for increased resistance to flow loss of AbICAM-1-MSCs. Abisotype-MSCs, PPG-MSCs, and MSCs-only on HUVEC (TNF +) showed 20% cell attachment at 0.5 dynes/cm 2 and less than 10% relative cell attachment at 2 dynes/cm 2 . Interestingly, at higher shear stress, most AbICAM-1-MSCs remained attached to HUVECs (TNF +) at 10 dynes/cm 2 and 40% were still present at 25 dynes/cm 2 (Fig. 2b) . Altogether, these data strongly support that there is strong and specific binding between ICAM-1 antibody-coated MSCs and ICAM-1 molecules on HUVECs which helps maintain cell-cell interaction under shear stress.
Discussion and Conclusions
These results demonstrate that ICAM-1 antibody-painted MSCs are able to bind to activated endothelial cells and resist physiological shear flow. This in vitro model demonstrates the potential to use cell painting to systemically deliver repair cells as a cell therapy. 
Acknowledgements
The project described was supported by Grant Number 1R01AR49785 from NIH (NIAMS). 
